INTRODUCTION
Road ecology has recently emerged as a bona fide subdiscipline within ecology and there has been increasing interest in the integration of findings of scientific research into decision making in transportation planning (Roedenbeck et al. 2007 ). Numerous studies have documented the adverse impacts of roads on wildlife (see reviews by Coffin 2007 , Fahrig and Rytwinski 2009 , Benítez-López et al. 2010 , which include habitat loss, mortality due to collision with vehicles, resource inaccessibility, and population subdivision (Jaeger et al. 2005) . A well-connected landscape can overcome the negative effects of habitat fragmentation on population persistence by allowing dispersal and recolonization of vacant territories, thus maintaining viable metapopulations and genetic variability (Hels and Nachman 2002, Fahrig 2004, Marsh et al. 2008) . It is essential to quantify the barrier effect of roads on species occurring in fragmented habitat to determine any impact on population viability. Information on crossing behavior can be used to provide recommendations for optimal road planning and potential mitigation structures, and information for population viability models (Kramer-Schadt et al. 2004 , Jaeger et al. 2005 The relative importance of each of these effects, however, is often species-and habitat-specific (Litvaitis and Tash 2008) . For example, chipmunks http://www.ecologyandsociety.org/vol15/iss4/art35/ (Tamias striatus) and white-footed mice (Peromyscus leucopus) appear to avoid roads regardless of traffic volume (Ford and Fahrig 2008, McGregor et al. 2008) , while the permeability of roads for many carnivores and ungulates is related to traffic volume (Alexander et al. 2005) . Most studies on the effects of roads and other linear infrastructure have focused on terrestrial fauna that move along the ground, especially large (Kramer- Schadt et al. 2004 , Epps et al. 2005 , Riley et al. 2006 ) and small mammals (Rondinini and Doncaster 2002 , Brock and Kelt 2004 , Ford and Fahrig 2008 , reptiles (Shine et al. 2004 , Steen et al. 2006 , Tanner and Perry 2007 , and amphibians (Hels and Nachman 2002 , Eigenbrod et al. 2008 , Lengagne 2008 Marsh et al. 2008 ).
Gliding mammals have evolved an efficient and highly specialized way of locomotion, where a gliding membrane, the patagium, is converted into an airfoil when extended between the fore and hind limbs (Jackson 1999) . Therefore, their response to potential barriers is likely to differ substantially from that of animals of comparable size that travel on the ground, and cannot be extrapolated from other species. Roads and traffic may have little effect on the movement patterns and dispersal of gliders if the size of the gap in tree cover is within their glide distance capability, and if traffic disturbance does not excessively alter their gliding behavior or rate of survival. Conversely, the movement of gliders may be severely restricted if they 1) are deterred by the long glide required to traverse the clearing, 2) avoid the road in response to traffic disturbance, and/or 3) attempt to cross the road but have increased rates of mortality as a consequence. The type of vegetation present along roads is likely to have a strong effect on the crossing ability of gliders, because of the role of trees in the gliding technique.
The squirrel glider (Petaurus norfolcensis) is a small (~250 g), nocturnal, arboreal marsupial native to eastern Australia (van der Ree and Suckling 2008). Its preferred habitat of dry eucalypt woodland has been extensively cleared in southern Australia for agricultural and urban development and the species is now threatened with extinction in that region (Claridge and van der Ree 2004, van der Ree et al. 2004 Bennett 2003, van der Ree et al. 2003) . Glide length appears to be similar for males and females (Goldingay and Taylor 2009) and is related to tree height and the distance between trees, although all studies of gliding ability have been conducted in continuous forest, in semicleared farmland, or in laboratory settings. There have been no studies that systematically quantify the effect of gap size on the rate of gap crossing, which is critical to the design of roads that permit the movement of this wildlife species and ones with similar movement abilities.
The aim of this study was to examine the roadcrossing behavior of squirrel gliders resident in woodland adjacent to a major road. The traffic volume (freeway vs. secondary road), presence or absence of tall trees in the center median, and the sex of the glider were investigated as potential factors influencing crossing rates.
METHODS

Study area
The study was conducted in northeastern Victoria, Australia where approximately 5% of the original tree cover remains. Dominated primarily by agricultural land uses, the remaining woodland and forest mostly occurs as linear strips along roads and creeks and in small patches (van der Ree and Bennett 2001). The overstorey of the woodland is dominated by grey box (Eucalyptus microcarpa), river red gum (E. camaldulensis), Blakely's red gum (E. blakelyi), and yellow gum (E. leucoxylon), with acacia species (primarily golden wattle Acacia pycnantha) in the midstorey and grasses in the understorey. The overstorey trees are typically 25 -30 m in height.
Sites were selected along the Hume Freeway, approximately 150 km NE of Melbourne (Fig. 1) . The Hume Freeway is the major highway connecting Melbourne and Sydney, and was progressively widened to dual-roadway, i.e., two lanes for each direction of traffic separated by a centre median, in the 1970s and 1980s. The average traffic volume is 10,000 vehicles per day, a quarter of which occurs between 10:00 p.m. and 5:00 a.m. (Vicroads, the Department of Transportation for the State of Victoria, Australia, unpublished data), when squirrel gliders are active. All sites were located at intersections between the Hume Freeway and secondary sealed or unsealed roads running perpendicular to the freeway (Fig. 1) . Woodland vegetation occurred on the verge (defined as the area http://www.ecologyandsociety.org/vol15/iss4/art35/ between the edge of the road, including any emergency stopping lane, and the road reservation) of the secondary roads from their intersection with the Hume Freeway for at least 1 km, thus providing corridors of woodland vegetation within cleared agricultural land (Fig. 2 ). Intersections were selected as the focus for study because squirrel glider activity is higher at intersections than straight sections of linear habitat (van der Ree and Bennett 2003) and hence road crossing is more likely. Six sites were selected along the Hume Freeway, three of which had eucalypt trees at least 20 m tall in the center median (Fig. 3a) and three where the median was treeless (Fig. 3b) (Fig. 1) and its results were pooled with No-Trees 3 for analysis. The mean width of the dual-roadway, measured from the edge of the bitumen, was 57 m (range: 44 -76 m) and the mean width of the center median was 31 m (21 -48 m). The size of the gap in canopy connectivity at sites with trees in the median ranged from 5 -13 m and 50 -64 m at sites without trees in the median. Sites were at least 6 km apart (max. 25 km) and alternated between Trees and No-Trees to avoid confounding biases, e.g. vegetation type or wind patterns, thus ensuring glide length was the only substantial variable influencing the ability of gliders to cross the freeway.
To ensure that the rate of crossing by squirrel gliders at the freeway was due to the road and high traffic volumes, and not an artifact of habitat geometry, we also selected intersections between two secondary roads to act as control or reference sites (Fig. 3c ). These were located 6.5 km (Control-1) and 9.7 km (Control-2) from the Hume Freeway ( Fig. 1) and had a canopy gap < 9 m. The traffic volume was < 50 and 50 -150 vehicles per day (vpd) on the two roads at Control-1, and < 50 vpd on both roads at Control-2.
Trapping and radio-tracking
Squirrel gliders were trapped within linear strips of woodland at the intersection between the freeway and secondary roads perpendicular to the freeway. Traps along the secondary roads extended up to 250 m from the freeway edge, and included the centre median, if trees were present, as well as up to 100 m of freeway verge. Gliders were captured using wire mesh cage traps (17 x 20 x 50 cm) nailed to tree trunks at a height of 1.5 -4 m. Traps were baited with a mixture of rolled oats, honey, and peanut butter, and honey diluted with water was sprayed on the tree trunk to a height of 5 -7 m. Trapping effort varied over time and among sites, as the objective was to capture sufficient animals for radio-tracking. Each site was trapped for an average of nine nights (range 4 -15), giving a total of 1532 trap nights between December 2005 and May 2006. Additional trapping was conducted to replace collars that fell off during the study, and to remove them at the end of the study.
Traps were checked each morning at dawn, and all captured animals were sexed, weighed, tattooed with a distinctive code, and their reproductive condition assessed. Animals were classed as < 1, 1 -2 and > 2-years old, based on upper incisor wear, body weight, and fur condition (van der Ree et al. 2006) . Radio transmitters (single-stage tuned-loop, 150 MHz; Sirtrack, New Zealand) mounted on neck collars that weighed 5 g overall, < 5% of body weight, were fitted to up to six adults (3M, 3F) per site, distributed on both sides of the freeway. If this target was not met after five nights of trapping, collars were fitted to adults of either sex, up to the maximum of six individuals per site. Juvenile squirrel gliders (< 1 year old) were not collared because of the risk of strangulation if they dispersed while carrying collars of a fixed size and outgrew them. Furthermore, genetic methods will be used in a subsequent study to estimate the rate of successful dispersal by juveniles (rationale and approaches in Simmons et al. 2010 ).
Radio-tracking was undertaken between December 2005 and November 2006 using a Regal 2000 receiver and a Yagi 3-element antenna (Titley Electronics, Australia). Two types of radio-tracking fixes, directional or homing, were collected. Directional fixes were obtained by determining the direction of the animal from the road, or if it was in the center median at freeway sites, using a pair of 3-element Yagi antennae mounted on a vehicle. The antennae were selected alternately to assess the signal strength to the left and right of the vehicle, thus determining the direction of the glider. The direction of the signal was confirmed by turning the vehicle 180° from its initial position and repeating the procedure. If the direction was equivocal, tracking was performed on foot until the direction of the animal from the freeway was confirmed. Homing fixes were obtained by tracking the animal on foot and recording its exact location (± 10 m) with a GPS. Both types of fixes were collected during the day and the night, with one diurnal fix collected to identify the location or direction of den trees. All consecutive fixes were > 2 hours apart to ensure independence, since squirrel gliders can move more than 300 m in 15 min (Holland et al. 2007) , and are therefore capable of traversing the length of their home range within 2 h. Up to three nocturnal fixes were recorded per night.
We used only those fixes that indicated movement, i.e., we inferred that the collar had malfunctioned or been removed when consecutive fixes repeatedly occurred in the same location and no further movement was detected. When a signal was not detected, radio-tracking was conducted from a vehicle using an omni-directional whip antenna over a 5 km radius around its usual area.
Rate of crossing
The effect of the road on the rate of crossing was quantified for those individuals who could access the road without traversing the territory of an adjacent social group. The extent of spatial overlap of home ranges between adjacent social groups of squirrel gliders is low, ~14% (van der Ree and Bennett 2003), and thus the rate of crossing by individuals is likely to be affected by the presence of an adjacent social group if their territories need to be crossed to reach the road. Therefore, only gliders with a homing fix or trap capture < 250 m from the road edge were included for analysis, because the shortest mean range length of gliders in similar linear habitats was 322 m (± 77 s.e.; van der Ree and Bennett 2003). To avoid underestimating crossing behavior, only gliders with at least 20 detections were included in analyses.
A road crossing was recorded if an individual was located on the opposite side of the road to its previous detection, or in the median if previously detected on a verge. Road crossings were classified as complete if they crossed the entire road, i.e. from verge to verge, or partial if they crossed one roadway of a dual-roadway road, i.e. from verge to median or median to verge. We modeled the probability that a squirrel glider crossed the road at least once in the survey period as a logistic regression. We modeled the probability that a squirrel glider crosses the road at least once as a function of the site type and sex of the glider. Hence, whether a squirrel glider, i, crossed or not is modeled as a draw from the Bernoulli distribution with parameter p:
where logit(pi) = logit(pc)+b t (t i )+b s (s i ) where logit(pc) is the intercept, b t (t i ) is the effect of site type t i and b s (s i ) is the effect of being sex s i . The categorical variables b t (t i ) and b s (s i ) were modeled using a reference class, set arbitrarily to zero for the control site type and males. Hence pc can be interpreted as the probability that a male crosses a control road. There was insufficient data to effectively fit a random effect for site. We fitted the model using Open BUGS 3.0.3 (Spiegelhalter et al. 2007 ), a Bayesian data analysis package. To represent a lack of prior information, and to ensure that the parameter estimates were driven by the data, we used uniform prior distributions for the intercept term pc and a normal distribution with mean zero and variance 1000 for the site type and sex coefficients. Parameter http://www.ecologyandsociety.org/vol15/iss4/art35/ estimates are based on 20,000 samples from each of three chains after a 10,000 burn-in. The burn-in was more than sufficient for WinBUGS to reach stationarity. We used the DIC statistic to compare between models with different sets of explanatory variables (McCarthy 2007) .
RESULTS
Radio-tracking effort
A total of 2155 fixes were obtained from 58 squirrel gliders (29 males and 29 females) that were fitted with radio-collars. Further analyses were undertaken on the 49 gliders for which we had at least 20 detections (25 females, 24 males). Two females, of the remaining 49, were detected > 250 m from the road and were excluded from further analyses because their rate of crossing was likely limited because they did not have direct access to the freeway. The rate of road crossing between consecutive fixes was calculated for 47 gliders (24 males, 23 females; Table 1 ).
The number of radio-tracking fixes for each individual glider varied depending on the duration it carried the transmitter, and, if the collar was detached prematurely during the study, whether the individual was refitted with a transmitter. Of the 58 gliders fitted with radio transmitters, 24 carried transmitters until the end of the study, 21 were likely groomed off (with 13 remaining in tree hollows and 8 found on the ground), the signal of 12 transmitters was lost, i.e. could not be detected, and one transmitter was found with evidence consistent with predation by an owl. The proportion of individuals whose signal was lost and unaccounted for, i.e. cause of disappearance unknown, and were not retrapped at the conclusion of the study was similar across site types, with 0.26 and 0.33 at freeway sites with and without trees in the median, respectively, and 0.21 at control sites. However, variation in trapping effort among site types at the conclusion of the study complicates a reliable comparison of the rate of lost signals. 
Probability of road crossing
Fewer than half of the gliders (23 of 47) we tracked were detected making any type of road crossing. The proportion of gliders that crossed the road, completely or partially, varied among site types, with 77% of individuals at control sites crossing at least once, compared to 67% of individuals at freeway sites with trees in the median and 6% at freeway sites without trees in the median (Table 2) , with a higher proportion of males than females crossing (Fig. 4) . At the freeway, the gliders who made complete crossings were a subset of those that made partial crossings (Table 2 , Fig. 5 ), and all individuals that crossed the road returned to the side of the road where they had first been detected.
The logistic regression showed that there was no difference in the probability of crossing a secondary road or the two-way road with tall trees in the centre median (DIC full model: 44.25, DIC grouped model: 42.6; Fig. 6 ). However, there was a significant decrease in the probability of crossing highways without trees compared with the other two road types (Table 3) . Males have a higher probability of crossing than females and both males and females are more likely to cross either the freeway with trees in the median or the secondary roads than the freeway without trees in the median. The parameter estimates for crossing a freeway with trees or secondary road are very broad (Fig. 6 ) reflecting considerable uncertainty regarding whether a given glider crosses or not. The low precision of the model may reflect that there are unmeasured processes that are not incorporated in this model or may be because of the small size of the dataset.
DISCUSSION
Roads, traffic, gap size, and the barrier effect
Roads and other linear infrastructure are ubiquitous components of most landscapes around the world and they have numerous and diverse effects on the Ecology and Society 15(4): 35 http://www.ecologyandsociety.org/vol15/iss4/art35/ Table 2 . Classification of consecutive fixes of 47 squirrel gliders (Petaurus norfolcensis) tracked along the Hume Freeway and at secondary roads, southeastern Australia. n, number of individuals; fixes are detections from radio-tracking and trapping, with partial crossings from verge to median or median to verge at the dual-roadway freeway sites and full crossings from one shoulder to the opposite shoulder; total consecutive fixes is total fixes minus the first fix; and number of individuals detected crossing the road. NA -partial crossings were not possible at secondary roads.
natural environment. Our results demonstrate that the movement patterns of squirrel gliders in southeastern Australia were disrupted by roads, with less than half (23 of 47) of the gliders for which we had sufficient data making any crossings. The effect of the road was more evident on complete crossings, with just 18 gliders detected on opposite sides of the road. Roads and other linear infrastructure have created artificial boundaries to home ranges and influenced patterns of activity and habitat utilization in a range of species Rytwinski 2009, Benítez-López et al. 2010 ).
The barrier or filter effect of roads on the movement of wildlife has been demonstrated for a wide range of species, including small mammals (Oxley et al. 1974 , Mader 1984 , Burnett 1992 some of the best predictors influencing the persistence of squirrel gliders in Thurgoona, approximately 150 km NE of our study area (Stewart and van der Ree 2009) . A population viability analysis (PVA) for the Greater Glider (Petauroides volans) in Brisbane, NE Australia, similarly predicted that even a low rate of dispersal across a motorway using crossing structures was sufficient to reduce the risk of local extinction to an acceptable level (Taylor and Goldingay 2009).
The predicted probability of an individual crossing the road was the same for animals at the secondary road and animals at the freeway with trees in the median. However, the likelihood that an individual would cross at the freeway without trees in the median was significantly lower than the other two site types. This result strongly suggests that the size of the gap in canopy was the primary determinant of the rate of crossing by gliders. Also, the only difference between freeway sites with and without trees in the median was the size of the gap to be traversed, which was more than quadrupled when trees were absent from the median. There is a physical limit to the length of glides, which is dependent on species morphology, (e.g., body weight, shape and size), launch height, and presumably wind conditions. Although squirrel gliders are physically capable of glides of up to 70 m across cleared farmland (van der Ree et al. 2003) , typical glide lengths are 20 -35 m (Jackson 1999 , van der Ree et al. 2003 , Goldingay and Taylor 2009 , less than half that required to cross the freeway in the absence of a median with trees. Although reliable data on the gliding capability of squirrel gliders in fragmented habitat is lacking (but see Jackson 1999 for data on glide capability in other species or in continuous habitat, Goldingay and Taylor 2009), even the most conservative estimates suggest that canopy gaps across freeways with trees in the median strip are sufficiently small for average gliders to cross (Goldingay and Taylor 2009). Further work is clearly required to quantify the glide capability in fragmented habitat, as average glide distance may be underestimated because trees in continuous forest are spaced closer together. Gliders may be forced to undertake longer glides in fragmented habitat because trees are spaced further apart. However, it is important to design mitigation strategies for average individuals within the . Sex of individuals is given on X-axis and total number of detections given above each column. Data for animals that were not detected crossing is not shown.
population and typical glides, rather than individuals with extreme performances or undertaking exceptional activities.
It was surprising that traffic volume and road substrate appeared to have only a minor influence on crossing by squirrel gliders because the effects of traffic, i.e., volume, light, noise, and/or the physical presence of the road affect the rate of crossing in other species. For example, inhibition of road crossing has been attributed to avoidance of the road substrate (Merriam et al. 1989 , Brock and Kelt 2004 , Shine et al. 2004 ), traffic noise (e.g., Foppen and Reijnen 1994 , or exposure to habitat edge (Goosem 2001 , Laurance et al. 2004 . Two squirrel gliders were observed crossing the freeway by gliding from a tree in the center median to a tree on the verge and we assume that most crossings occurred in a similar way, i.e., without coming to ground. Thus, the road substrate (bitumen or gravel) is unlikely to influence the rate of crossing. Traffic volume (up to 5,000 vpd per roadway) and traffic per se, i.e., the sight, noise, and headlights of vehicles, did not appear to greatly influence the rate of crossing by gliders. Squirrel gliders are nocturnal and hence the relevant consideration is the traffic volume during the night. Approximately onequarter of the daily traffic along the Hume Freeway occurs between 10 pm and 5 am (1250 vehicles per roadway over a seven-hour period), which equates to one vehicle per 3 minutes, with longer intervals between vehicles likely. For a gliding species, three minutes is sufficient to safely glide across a roadway between vehicles. Identifying the relationship between traffic volume and road crossing is an important area of research because it focuses the type of mitigation that may be successful (McGregor et al. 2008 ).
The only individual to cross the Hume Freeway in the absence of tall trees in the median was male, and he is likely to represent an extreme performance that appears atypical to the rest of the population. This male also had the highest rate (33% of 24 fixes) of complete crossings at the Hume Freeway. Although unusual, this extreme case of gliding ability and/or willingness is not unique, as a male squirrel glider that regularly crossed the nearby Goulburn Valley Fig. 6 . Mean predicted probability that a squirrel glider (Petaurus norfolcensis) resident in habitat adjacent to a road will make a partial, i.e., verge to median or median to verge, or complete crossing at different site types. There was no significant difference in the likelihood that an individual will cross a secondary road or the dual-roadway Hume Freeway with trees in the median, and these are pooled (denoted Control/Trees). No Trees are sites at the Hume Freeway without trees in the median. Males and females are shown. Error bars are the 95% credible intervals.
Freeway, a two-way road, raised onto two bridges, was similarly extreme in its performance (van der Ree 2006) . The wide range in the rate of crossing by individuals, i.e., 24 showing no crossing, and the rate of crossing ranging from 0.05 to 0.65 for the remainder, clearly demonstrates individual variability in the propensity to cross the road. Some of the variation in the rate of crossing may also be explained by the spatial arrangement of home ranges and the extent to which they abut or overlap the road.
The rate of loss of the signal from transmitters was highest at the freeway without trees in the median (0.33), intermediate at the freeway with trees in the median (0.26), and lowest at the intersection of two secondary roads (0.21). Although sample sizes are small, this trend is consistent with estimates of the apparent survival rate of adult squirrel gliders at the Hume Freeway being one-third that of populations living along secondary roads far from the freeway (McCall et al. 2010) . Apparent survival rate is due to true survival and site fidelity, indicating a higher probability that a squirrel glider will leave a population near a major road, via mortality or dispersal, than one located further from a major road. The rate of road mortality of squirrel gliders is difficult to quantify because individuals that collide with vehicles are either thrown into the adjacent vegetation or damaged beyond recognition. Active searches for dead gliders were carried out when signals from transmitters were lost, and no remains were found to suggest collision with vehicles.
Management implications
Our study demonstrates that the width of linear infrastructure is an important factor influencing the daily movements of squirrel gliders. Although other studies have shown that there may be threshold effects associated with the volume of traffic (Reijnen et al. 1995 , Gagnon et al. 2007 ), we were unable to detect any effect of traffic volume in our study. However, a threshold effect of traffic volume on crossing rates is likely because increases in traffic volume will reduce the length of the interval between cars. The continual growth in the length and width of roads and other linear infrastructure, such as train lines and utility easements, is concerning for the conservation of biodiversity because of the potential impacts on fauna, flora, and ecosystem processes. The wide range in the rate of crossing by individuals, from 24 animals with no crossings to 65% of fixes resulting in a crossing, has important implications for management. The maintenance of sufficient dispersal and gene flow across the Hume Freeway is likely to be facilitated by the presence of tall trees in the median because males and females both made complete and partial crossings. Although we did not follow the movement of dispersing individuals, they are more likely to travel further and take greater risks while dispersing than the adults we tracked (R. van der Ree, unpublished data). However, this question is best explored using genetic techniques (Simmons et al. 2010) , which are currently underway at our sites. No gliders were detected making daily crossings of the Hume Freeway. It is unclear if this lack of regular movement is because important resources were distributed on both sides of the freeway or because a median strip with tall trees, or timber poles to act as artificial trees (Ball and Goldingay 2008), is not an effective form of mitigation to allow daily movements. Other techniques, such as aerial rope bridges (e.g., Soanes and van der Ree 2009) or vegetated land bridges may be necessary if the goal of mitigation is to allow all individuals within a population to cross the road for daily foraging requirements.
The type of mitigation used to restore connectivity for gliders must take into account any potential increase in mortality because of collision with vehicles. Although tall trees, and potentially glider poles, on the verge of the road and in the centre median may facilitate a similar rate of crossing to that at secondary roads with low volumes of traffic, it may also increase the rate of mortality by allowing animals to attempt the glide across the road, increasing the probability of collision with a vehicle. Further research is required to determine the relative importance of each threat to a population, and thus determine specific goals for mitigation, which is likely to include a combination of reducing mortality and restoring connectivity. From a conservation perspective, the overarching goal for all mitigation works must be to increase the viability of a population (van der Ree et al. 2007 ) and this could be achieved by increasing connectivity or reducing mortality. For example, a model to guide the reintroduction of the Eurasian lynx (Lynx lynx) in Germany required connectivity between habitat and a reduction in road mortality to maintain a viable metapopulation (Kramer-Schadt et al. 2004 ). There is now sufficient compelling evidence that roads and traffic have negative population-level effects on wildlife (Fahrig and Rytwinski 2009) and that quantification and mitigation of the specific threat should be routine in all road construction and maintenance projects. 
